The widespread use of magnetic resonance (MR) techniques in clinical practice, and recent discovery of biogenic ferrimagnetic substances in human tissue, open new questions regarding health hazards and MR. Current studies are restricted just to the induction of Faraday currents and consequent thermal effects, or 'inoffensive' interaction with static magnetic field. We outlined that magnetic energies associated with interaction of ferrimagnetic particles and MR magnetic fields can be dangerous for sensitive tissues like the human brain is. To simulate the interaction mechanism we use our 'Cube' model approach, which allows more realistic calculation of the particle's magnetic moments. Biogenic magnetite nanoparticles face during MR examination three principal fields: (i) main B 0 field, (ii) gradient field, and (iii) B 1 field. Interaction energy of biogenic magnetite nanoparticle with static magnetic field B 0 exceeds the covalent bond energy 5 times for particles from 4 nm up to 150 nm. Translation energy in gradient field exceeds biochemical bond energy for particles bigger than 50 nm. Biochemical bond disruption and particle release to the tissue environment, in the presence of all MR fields, are the most critical points of this interaction. And together with relaxation processes after application of RF pulses, they make biogenic magnetite nanoparticles a potential MR health hazard issue.
INTRODUCTION HE MAGNETITE is one of the oldest magnetic materials known to mankind (around 2000 BC).
It is ferrimagnetic and crystallizes in the inverse cubic spinel structure.
Large magnetite crystals, in order to minimize their internal energy, have developed multiple magnetic domains. On the other hand, in smaller crystals there is only one magnetic domain, so the whole crystal has a large magnetic moment resistant to a change in direction. Crystals that fall below single domain size range become superparamagnetic -susceptible to random changes in magnetic orientation due to thermal vibrations [1] .
The process of magnetite biomineralization in living systems was first discovered in marine molluscs of the class Polyplacophora [2] . Since then, the biogenic magnetite was found in several biological species, including mammals [3] . Magnetite biomineralization is a genetically-controlled biochemical process, through which organisms make perfect ferrimagnetic crystals. However, the magnetosome formation process is still not well understood. This process evolved about two billion years ago in the magnetotactic bacteria, and presumably was incorporated in the genome of higher organisms, including humans [4] . Magnetite crystals produced by living systems have unique features that distinguish them from geologically produced crystals [5] . These involve (i) single domain size, (ii) chemical purity, (iii) crystallographic perfection, (iv) participation in chain structure, (v) unusual morphology and (vi) [111] elongation. These properties serve to maximize the net magnetic moment which affects the migratory and homing abilities of animal species in Earth's magnetic field. The magnetitebased magnetoreception assumes that magnetite nanoparticles are connected to nervous structures, and that the torque response exerted by the geomagnetic field on the particles is responsible for mechanical stresses on the surrounding cellular environment. Subsequently, the mechanical stress is transformed into nervous signals through the activation of membrane mechanoreceptors [6] . In 1992, Kirschvink et al. discovered the presence of biogenic magnetite in the human brain tissue [7] . Further magnetic measurements on samples of human tissue confirmed presence of trace quantities of stable (at room temperature) single domain magnetite particles in the brain [8] , [9] , [10] and other organs [11] . Although, several ideas about the biological function of magnetite in humans have been proposed, the real purpose is still not known. Several studies suggested that levels of biogenic magnetite in human brain tissue may be elevated in subjects with Alzheimer disease [12] , [13] , [14] or associated with aging [15] . It was proposed, that hypointensive artefacts found in T 2 weighted images of human brain could correlate with presence of magnetite clusters [16] . It gives an opportunity for noninvasive detection of early stages of neurodegenerative processes, but still does not answer the question about the reason of biologically produced ferrimagnetic material in humans. On the other hand, presence of biogenic ferrimagnetic nanoparticles in such sensitive tissue raises new questions in MR safety. Current MR hazard issues are just restricted to induction of Faraday currents and consequent thermal effects. However, the magnetic properties of naturally occurring magnetite particles make them perfect candidates for biophysical response in external magnetic fields. Tissue with magnetite nanoparticles is T 10.2478/v10048-011-0014-1 exposed to strong static magnetic fields (100000 times higher than Earth's magnetic field), magnetic gradients and series of RF pulses during MR examination. This raises the question, how significant is interaction between particles embedded in living neural tissue and artificial magnetic sources for the safety of patients. We introduce preliminary ideas.
SUBJECT & METHODS
Magnetite nanoparticles in external magnetic fields are generally approximated to a sphere with radius ≈ 10 -7 m and magnetic moment ≈ 2x10 -15 Am 2 [17] . However, it is not a very realistic approximation and in our simulations it can lead to incorrect conclusions. To determine more realistic particle magnetic moment, we use our 'Cube' model method with two approaches: (i) cell unit (CU), and (ii) bulk [18] .
In 'CU' approach, the magnetic moment of particle is derived from cell unit (CU) shape and size of the particle. Magnetite CU is made from 8 formula units (FU) and belongs to isometric -hexoctahedral crystal system (space group Fd3m) with cell dimensions a CU = 0.83958 nm and volume V CU = 5.9182x10 -28 m. The magnetic moment for the particle was calculated as follows:
where N CU is the number of CU in particle In 'Bulk' approach, the magnetic moment is derived from saturation magnetization constant of bulk magnetite (M sat(Bulk) ≈ 90 Am -2 kg -1 ). -1 at T = 300 K [20] ). For spherical particles, the magnetic moment was calculated in the same way as for cube particles in 'CU' approach, with diameter equal to cube size 'a'.
Biogenic magnetite nanoparticles are characteristics for its single magnetic domain. Single domain magnetic nanoparticles can interact with strong external magnetic fields in two ways: translation and rotation [21] . The maximum translation force occurs in the area where the static magnetic field gradient is maximal [22] , and the maximum torque occurs in the area where the magnetic field is uniform and maximal [23] . Torque acting on the particle changes during rotation and the work done by field in rotating particle from instantaneous position through an infinitesimally small angle dθ is:
Viscosity of surrounding environment is acting against translation and rotation motion of magnetic nanoparticles, , with viscosity force visc F r [24] :
where η -medium viscosity (for brain η = 3.5 Pa s [25] ), dparticle diameter, v r -particle velocity. field. Currently, the main attention is given to RF pulses, which are associated with SAR (specific absorption rate) calculations [27] . Biogenic ferrimagnetic material and its interaction with static and gradient magnetic field are usually neglected. We are focusing on energies associated with such interaction, in comparison with biological energies. Bond energies associated with biological molecules are shown in Anisotropy energy calculation was approximated to singledomain magnet anisotropy energy, with uniaxial anisotropy:
where K is the anisotropy constant, V is the particle volume and θ is the angle between the easy axis and the particle's magnetization.
The anisotropy constant K for magnetite nanoparticles consists of two values: from the volume of the inside core and from the surface [29] : 
RESULTS
Magnetization of magnetite nanoparticles, for different sizes (a1 = 4nm, a2 = 11.5 nm, a3 = 47.7 nm, a4 = 150 nm), and for strong magnetic field is shown in Fig.1a-d . It is obvious that the difference between 'Sphere' model and 'Cube' model is insignificant for the strong magnetic fields and bigger particles. However, using an inappropriate model can lead to incorrect results for smaller particles and weak magnetic fields. The 'CU' approach and 'Bulk' approach of the 'Cube' model are almost identical, although they are principally different in the way of calculation. This was also a verification of appropriateness of the 'Cube' model approach. Therefore, in next simulations we used only one of them, the Cube -CU approach.
In Fig.2 is shown 'Sphere' vs. 'Cube' model energy comparison for four types of main MR magnetic fields.
Translation energy of magnetite nanoparticles in strong external magnetic field is shown in Fig.3 . Dot lines represent energy level of biological bonds. We can see that for particles above 50 nm, the translation energy, associated with magnetic gradients, exceed the value of the most powerful biological bond -covalent III. Energies associated with interaction of magnetite nanoparticles with external static magnetic fields (magnetic rotational work) are shown in Fig.4 . For all particles there exists critical value in magnetic field, when interaction energy exceeds anisotropy energy of particle ( Table 2 . Critical magnetic field values, in which magnetic rotational energy exceeds the anisotropy energy of particle. Energies associated with particle interaction with static magnetic field of MRI scanners, with comparison to anisotropy energy and interaction with geomagnetic field, are shown in Fig.5 . 
DISCUSSION
Magnetization curves in Fig.1a-d show difference between the generally used Sphere model and our proposed Cube model. However, 'cell unit' approach and 'bulk' approach in the Cube model are almost identical, although the method of calculation is completely different. Therefore, we believe that the Cube model represents a more realistic approach in magnetite nanoparticle behaviour simulations, and apart from evaluation of electromagnetic hazard, it can be helpful in body-iron quantification, determination of contrast agent efficiency, or other issues related to iron oxide nanoparticles. Energies associated with magnetic rotation work for Sphere model and Cube model particles are shown in Fig.2 . For particles with sizes 4, 11.5 and 47.7 nm, the differences between energies are not very distinct, but for particles bigger than 100 nm (150 nm) the difference is quite extensive. And the use of incorrect model can lead to incorrect conclusions. In the following simulations, to determine magnetic moment of magnetite nanoparticles, only the Cube model was used, with 'cell unit' approach.
As mentioned in part '2. Subject and methods', the magnetite nanoparticles in human tissue face, during MR examination, three principal fields: (i) static magnetic field B 0 , which causes alignment (rotation) of particles, (ii) gradient field, which induces translation motion of particles, and (iii) radiofrequency B 1 field, which causes primarily thermal effects. We have focused on the first two interactions. In Fig.3 Fig.4 energy curve of particles in external magnetic field up to 10 T is shown. As is obvious, there is critical point for each particle, in which magnetic interaction energy exceeds the anisotropy energy of particle. The values are shown in Table 2 , and from 11.5 nm they increase with particle size increase.
Biogenic magnetite in human tissue represents biologically produced ferrimagnetic nanoparticles. We do not know its function, but if we accept, that in animals it plays a crucial role in geomagnetic field navigation, we also have to accept interaction with neurosensory system through biochemical bonds. As we have shown, biogenic magnetite interaction with fields inside MR devices exceeds biochemical bond energies, both for interaction with static and gradient magnetic field. Disruption of coupling with sensory cell membranes releases particles to the surrounding environment. Interaction energies of free ferrimagnetic particles, with extreme fields of MR devices, can be a serious hazard issue, especially in sensitive tissue like the human brain is. The bigger the particle is, the bigger is also the risk hazard. Schultheiss-Grassi et al. reported particles with diameter up to 500 nm [10] . Moreover, Vaughan has shown, that free magnetite nanoparticles can in specific pulse magnetic fields create the hydrophilic pores in cell membrane [17] . Hydrophilic pores are devastating for cell integrity and can cause cell decease. Specific conditions mean that pulse magnitude must exceed B ≈ 6×10 -3 T to 7×10 -2 T, and the pulse duration is in the range 10 -5 to 10 -1 seconds. In standard MR devices you easily fulfil these 'specific' conditions. To summarize, biogenic magnetite nanoparticles inside human brain tissue are, during MR examination, affected with three principal fields: (i) Static magnetic field B 0 , which causes alignment (rotation) of particles with the field direction, and energy associated with such interaction is in order 5 times higher than biochemical bond energy (ii) Gradient magnetic field B grad (which encodes the spatial position of the signal), which causes translation movement of particles, and interaction energy exceeds the biochemical bond energy in particles bigger than 50 nm (for 1.5 T field). Moreover, Cavopol has shown that the principal determinant of action potential blockade in sensory neurons is the field gradient, not intensity [30] . (iii) Radiofrequency pulses (B 1 field), cause thermal effect (heating) in tissue, which can be multiplied by particle relaxation processes (hyperthermia) [31] . And free ferrimagnetic nanoparticles inside human brain tissue are, during MR examination, a potential risk factor in magnetic resonance hazard questions.
CONCLUSIONS
The biological processes are time and frequency dependent and are generally nonlinear in their response to applied fields [26] . Together with subject-dependent physiological response, it is difficult to predict any threshold parameters. Without precise knowledge of biogenic magnetite physiological function and interaction with surrounding environment, it is more or less hypothetical to describe precise mechanisms of hazardous interaction. However, our preliminary simulations indicate potential health hazard impact of such interaction. Moreover, the results show one very interesting fact. The interaction energy of magnetite nanoparticles with geomagnetic field is in the same order as the energy of biochemical bonds in living systems (≈ 10 -19 J). This supports the theory of geomagnetic field navigation and magnetoreception of animals, with the help of biogenic magnetite nanoparticles [32] .
To understand the precise mechanism of interaction in humans, we need to clarify two basic things. First, what is the physiological function of such particles and what is their spatial arrangement in tissue. Second, what is the biological response of organism to applied fields? We showed that biogenic magnetosomes can interact with geomagnetic field and in MR fields they can cause mechanical damage. On the other hand, what will be the reaction of organism on the molecular, cellular or higher level? Weaver described the phenomenon, when we can expect the effect of nonionizing EM fields to biological system, as follows: "a physical field can create a biological effect only through altering one or more chemical processes within the biological system" [33] .
Can such kind of interaction influence the process of biochemical reactions? Kirschvink in 1994 proposed magnetic steering of chemical reactions by magnetite nanoparticles [34] . Can such a modification be responsible for pathological changes (e.g., creation of plaques in Alzheimer disease because of increasing electromagnetic smog)? We cannot answer this question at present time. However, we can propose a new approach. The external field -as a nonmaterial energy, primarily interacts with magnetic field of particles and magnetic field of bioelectric currents (ion flow in neurons):
PHYSICAL FIELD → BIOLOGICAL RESPOND → (CHEMICAL PROCESS CHANGE)
Result of such interaction, if extremely strong, can be visible on the physical level -as a change in chemical reaction process, with new chemical products. This affects mainly organisms on molecular level, with consequences on physiology of cell, tissue, and organ. However, weakness interaction is not visible in matter, but can influence the human as a unit -rapid change of mood or concentration, unpleasant feelings, disorientation, rapid heartbeat, head ache, loss of appetite, tiredness, stress, etc. These are "normal" demonstrations of civilized people, who live in towns with enormous increase of artificial (electro-) magnetic fields [35] . The situation in MR devices is much more extreme, so it can be more "detectable" and can bring new views to the problem of (electro-) magnetic field interaction with living systems [36] .
